The cortical surface of the human brain expands dynamically and regionally heterogeneously during the first postnatal year. As all primary and secondary cortical folds as well as many tertiary cortical folds are well established at term birth, the cortical surface area expansion during this stage is largely driven by the increase of surface area in two orthogonal orientations in the tangent plane: 1) the expansion parallel to the folding orientation (i.e., increasing the lengths of folds) and 2) the expansion perpendicular to the folding orientation (i.e., increasing the depths of folds). This information would help us better understand the mechanisms of cortical development and provide important insights into neurodevelopmental disorders, but still remains largely unknown due to lack of dedicated computational methods. To address this issue, we propose a novel method for longitudinal mapping of orientation-specific expansion of cortical surface area in these two orthogonal orientations during early infancy. First, to derive the two orientation fields perpendicular and parallel to cortical folds, we propose to adaptively and smoothly fuse the gradient field of sulcal depth and also the maximum principal direction field, by leveraging their regionspecific reliability. Specifically, we formulate this task as a discrete labeling problem, in which each vertex is assigned to an orientation label, and solve it by graph cuts. Then, based on the computed longitudinal deformation of the cortical surface, we estimate the Jacobian matrix at each vertex by solving a leastsquares problem and derive its corresponding stretch tensor. Finally, to obtain the orientation-specific cortical surface expansion, we project the stretch tensor into the two orthogonal orientations separately. We have applied the proposed method to 30 healthy infants, and for the first time we revealed the orientation-specific longitudinal cortical surface expansion maps during the first postnatal year.
Introduction
The cerebral cortex of the human brain is a highly convoluted, sheet-like structure of gray matter, with the cortical folds formed during late gestation ( Chi et al., 1977; Dubois et al., 2007; Habas et al., 2011; Kim et al., 2016; Zilles et al., 2013 ) . At term birth, although all primary and secondary cortical folds, as well as many tertiary cortical folds, are well established, both brain volume and cortical surface area are only one-third of those of adults ( Dubois et al., 2007; Hill et al., 2010; Li et al., 2014a ) . During the first postnatal year, the cerebral cortex develops dynamically in both struc- the right pars triangularis, in comparison with the control infants .
Essentially, the cortical surface expansion during infancy can be mainly decomposed into two orthogonal directions in the tangent plane of cortical folds: 1) The expansion parallel to the folding orientation (i.e., increasing the lengths of cortical folds), denoted as p a ; 2) The expansion perpendicular to the folding orientation (i.e., increasing the depths of cortical folds), denoted as p e , as shown in Fig. 1 (b) and (c), respectively. Of note, although the emergence of tertiary cortical folds after birth also leads to the increase of cortical surface area, this value is relatively small, compared to the expansion in the tangent plane. This is because the cortical folding degree (gyrification index) only increases 16%, while the cortical surface area expands 80% in the first postnatal year ( Li et al., 2012a ( Li et al., , 2014b . Hence, studying longitudinal orientationspecific surface expansion can help us better quantify cortical development and understand the underlying mechanisms of cortical development (that cannot be revealed by the conventional studies of surface expansion), thus eventually better modeling the dynamic early brain development ( Meng et al., 2017; Nie et al., 2010 Nie et al., , 2011 Rekik et al., 2016b Rekik et al., , 2017 . On the other hand, as many neurodevelopmental disorders are associated with abnormal cortical surface expansion during infancy ( Hazlett et al., 2017; Li et al., 2016; Lyall et al., 2014; Ortinau et al., 2013 ) , studying longitudinal orientationspecific cortical surface expansion will also help better localize and understand the abnormality, thus helping early identification of biomarkers and also early diagnosis of these disorders. However, due to lack of dedicated computational methods, our knowledge on orientation-specific cortical surface expansion during infancy remains scarce. These facts have spurred us to develop the first computational method to fill the gaps in both the methodology and knowledge.
To map the orientation-specific surface expansion, we have to estimate the two orientation fields that are parallel to cortical folds p a and perpendicular to cortical folds p e in the tangent plane of cortical folds. However, this is a challenging task due to the remarkable complexity, irregularity and inter-subject variability of cortical folds. In the literature, several methods used the maximum principal direction field to approximate p e ( Boucher et al., 2009 ( Boucher et al., , 2011 Li et al., 2009; Rekik et al., 2016a ) . However, this strategy is only valid on the highly-bended regions at gyral crests and sulcal bottoms, where the maximum principal direction is perpendicular to the folding orientation, consistent with p e . On the flat regions at sulcal walls, as the maximum principal curvature is very small and easily affected by subtle noises, the corresponding maximum principal field is inherently ambiguous, sensitive to noise and unreliable. Consequently, using only the maximum principal direction field often leads to the inaccurate estimation of p e . To handle this issue, in this paper, we propose to adaptively integrate and fuse the gradient field of sulcal depth and the maximum principal direction field. Our motivation is based on our observation that these two fields usually complement to each other. Specifically, on the flat regions with large gradient magnitude of sulcal depth (e.g., sulcal walls), the gradient field of sulcal depth is reliable and informative, while the maximum principal direction field is ambiguous and noisy. In contrast, on the highly-bended regions (e.g., gyral crests and sulcal bottoms), the maximum principal direction field is accurate and informative, while the gradient field of sulcal depth is noisy due to the small and ambiguous gradients. Hence, to derive a single field p e from these two fields, we design an energy function to formulate this as a discrete labeling problem, i.e., assigning an orientation label for each vertex to indicate the orientation p e on the cortical surface. We effectively minimize this energy function by using the graph cuts method ( Boykov et al., 2001 ) to guarantee to achieve a strong local minimum.
Hence, given a pair of longitudinal cortical surfaces with established vertex-to-vertex cortical correspondences, the proposed method for mapping orientation-specific cortical surface expansion consists of four key steps. First, we compute the gradient field of sulcal depth based on the first-order Taylor expansion and the maximum principal direction field via a finite difference method. Second, to estimate the orientation field perpendicular to cortical folds, we adaptively and smoothly fuse the gradient field of sulcal depth and the maximum principal direction field by leveraging their region-specific reliability using the above proposed energy function minimization method. Next, we estimate the Jacobian matrix of the longitudinal deformation of cortical surfaces for each vertex by solving a least-squares problem, and further derive its stretch tensor by removing the rotation component. Finally, to compute orientation-specific surface expansion maps, we project the stretch tensor separately into the orientation field perpendicular to cortical folds and the orientation field parallel to cortical folds. We have applied our method on the longitudinal cortical surfaces of 30 infants with longitudinal scans at both 0 and 1 year of age. For the first time, we revealed the orientation-specific and region-specific cortical surface expansions during the first postnatal year.
Materials and methods

Subjects and image acquisition
This study has been approved by the Institutional Review Board of the University of North Carolina (UNC) School of Medicine. Pregnant mothers were recruited during the second trimester of pregnancy from the UNC hospitals. Informed consents were obtained from all the parents. Exclusion criteria include abnormalities on fetal ultrasound and major medical or psychotic illness of the mother. All infants were free of congenital anomalies, metabolic disease, and focal lesions.
Longitudinal brain MRI scans at 0 and 1 year of age were acquired from 30 normal infants (17 males/13 females). Before scanning, infants were fed, swaddled, and fitted with ear protection. Infants were scanned unsedated by using a Siemens headonly 3T scanner (Allegra, Siemens Medical System, Erlangen, Germany) with a circular polarized head coil. T1-weighted images (144 sagittal slices) were obtained by using the three-dimensional magnetization-prepared rapid gradient echo (MPRAGE) sequence: TR = 1900 ms, TE = 4.38 ms, inversion time = 1100 ms, Flip Angle = 7 °, and resolution = 1 × 1 × 1 mm 3 . T2-weighted images (64 transverse slices) were acquired with turbo spin-echo sequences: TR = 7380 ms, TE = 119 ms, Flip Angle = 150 °, and resolution = 1.25 × 1.25 × 1.95 mm 3 .
Image processing and cortical surface mapping
We processed all MR images using the UNC Infant Pipeline for cortical surface-based analysis. Specifically, the image processing procedure included the following five major steps. First, we automatically removed non-brain tissues, cerebellum and brain stem ( Shi et al., 2012 ) . Second, we corrected intensity inhomogeneity using the N3 method ( Sled et al., 1998 ) . Third, we rigidly aligned all images at each age to their age-matched infant brain MRI atlas ( Shi et al., 2011 ) . Next, we segmented the brain images into white matter (WM), grey matter (GM), and cerebrospinal fluid (CSF) by using an infant-dedicated longitudinally guided coupled level-sets method Wang et al., 2014; Wang et al., 2013 ) . Finally, we automatically masked and filled noncortical structures, and separated the left and right hemispheres.
After the above process, based on the segmentation result of each hemisphere, we corrected topological errors in white matter using a sparse representation method ( Hao et al., 2016 ) . Then, we reconstructed inner, central and outer cortical surfaces by using a topology-preserving deformable surface method ( Li et al., 2014a ( Li et al., , 2012b Nie et al., 2011 ) . Note that the analysis of the orientation-specific cortical surface expansion is based on the central cortical surface, since it provides a more balanced representation of gyral and sulcal regions ( Hill et al., 2010; Li et al., 2012a; Van Essen, 2005 ) . Next, we mapped all cortical surfaces onto a standard spherical space ( Fischl et al., 1999 ) . To study longitudinal cortical surface expansion, we need to establish both crosssectional (inter-subject) and longitudinal (intra-subject) vertex-tovertex cortical correspondences. For establishing longitudinal correspondences, we aligned each spherical surface at 0 year of age onto its corresponding surface at 1 year of age using Spherical Demons ( Yeo et al., 2010 ) . Specifically, Spherical Demons aligns cortical surfaces on the spherical space with the mapped cortical folding patterns represented by several geometric features, including the mean curvature map of the inflated cortical surface, the average convexity map of the cortical surface, and the mean curvature map of the cortical surface. Of note, the average convexity records the accumulated movement for each vertex during surface inflation, reflecting the relatively large-scale geometry of the cortical folding. Therefore, Spherical Demons uses the average convexity map for rough alignment and the mean curvature map of the cortical surface for final fine alignment. For establishing cross-sectional cortical correspondences, we aligned each spherical surface at 1 year of age onto the UNC 4D Infant Cortical Surface Atlas ( https://www.nitrc.org/projects/infantsurfatlas ) . Based on these deformation fields, we then resampled all the cortical surfaces at 1 year of age as a standard-mesh tessellation with 163,842 vertices, thus establishing vertex-to-vertex correspondences across subjects at 1 year of age. We further warped all the resampled surfaces at 1 year of age to their corresponding surfaces at 0 year of age based on the longitudinal surface registration results, thereby establishing vertex-to-vertex correspondences across all subjects and ages.
The sulcal depth map, which provides a continuous measurement of the cortical folding shape attributes, was computed on each cortical surface ( Li et al., 2013; Meng et al., 2014 ) . For each vertex, the sulcal depth is defined as its distance to the nearest corresponding vertex on the cerebral hull surface, which is a surface running along the margins of gyri without dipping into sulci ( Li et al., 2013; Van Essen, 2005 ) . The first row in Fig. 2 shows the cortical sulcal depth maps of the left hemisphere of a representative individual at 0 year and 1 year of age. As can be observed, the value of sulcal depth is large at the sulcal bottoms, yet small at the gyral crests.
The maximum principal curvature map, which estimates the local shape of the cortical folding, was also computed on each cortical surface ( Li et al., 2009 ( Li et al., , 2013 . For each vertex, it is the principal curvature with the largest absolute value in the two principal curvatures. The second row in Fig. 2 shows the maximum principal curvature maps of an infant's cortical surfaces at 0 year and 1 year of age. As can be observed, the maximum principal curvature is large positive and large negative at gyral crests and sulcal bottoms, respectively, yet it is close to zero on the flat region, such as sulcal walls.
Estimating orientation fields of cortical folds
Motivation
To map cortical surface expansion in the two orthogonal orientations p e (the orientation perpendicular to the folding orientation) and p a (the orientation parallel to the folding orientation), we have to first accurately estimate these two orientation fields in the tangent plane of cortical folds, as illustrated in Fig. 3 (a) . However, this is quite challenging due to the highly complex, convoluted and variable cortical folds. Note that, since p e and p a are orthogonal, we can first estimate p e and then derive p a accordingly.
Several methods have been proposed to use the maximum principal direction (the direction corresponding to the maximum principal curvature) to approximate p e ( Boucher et al., 2009 ( Boucher et al., , 2011 Li et al., 2009; Rekik et al., 2016a ) . However, this approximation indeed brings ambiguity in certain regions. Actually, the maximum principal direction field is consistent with p e only on the highlybended regions at gyral crests and sulcal bottoms, as shown by purple ellipses in the left panel of Fig. 4 (e). However, for other regions at sulcal walls, the maximum principal direction field is inconsistent with p e , due to being dominated by either the noises or turning of the folds. An example of the turning fold is shown by green ellipses in the left panel of Fig. 4 (h) , where the maxi- mum principal direction field is clearly not perpendicular to the major folding orientation anymore. On the flat regions, the maximum principal curvature is very small and inherently sensitive to noise, and thus the corresponding maximum principal direction is ambiguous and could be dramatically changed by subtle noises. An example is shown in the left panels of Fig. 4 (f) and (g) delineated by green ellipses.
To address this issue, we propose to leverage both the maximum principal direction and the gradient field of sulcal depth to estimate p e . This is inspired by the fact that, the gradient of sulcal depth, which represents the change of sulcal depth from vertex to vertex, is reliable and consistent with the orientation field perpendicular to folds p e , especially at sulcal walls with large gradient magnitude of sulcal depth. However, at the sulcal bottoms and gyral crests, the gradient field of sulcal depth is typically noisy and unreliable, as shown by green ellipses in the right panels of Fig. 4 (e) and (f). This is due to the small and ambiguous gradients, as shown by black ellipses in the right panels of Fig. 4 (a) and (b). Hence, the gradient field of sulcal depth and the maximum principal direction field are complementary to each other for the estimation of p e , as summarized in Table 1 . Therefore, we will adaptively fuse these two orientation fields to estimate p e , thus capturing reliable and informative directions from both fields and also ensuring the spatial smoothness of p e .
Computing gradient field of sulcal depth and maximum principal direction field
First, we introduce how to compute the normalized gradient field of sulcal depth (denoted as p g e ). Letting f : M 0 → R be the sulcal depth at each vertex on the cortical surface M 0 , the gradient vector of sulcal depth at the vertex v i on the tangent plane is
Note that, unlike in the image space with regular grids, the gradient vector of sulcal depth on the surface manifold cannot be directly computed. Herein, we use the first order of Taylor's theorem to approximate the sulcal depth at vertex v i with its first-ring neighborhood vertex v j on the cortical surface, formulated as:
Hence, to estimate g ( v i ), we minimize the following error that constrains the gradient vector of sulcal depth to sit in the tangent plane: 
is the gradient magnitude of sulcal depth. Then, we compute the maximum principal curvature c and its corresponding maximum principal direction field p c e , which measure the maximum strength and its corresponding direction of the normal direction variation, respectively, by using the finite difference method ( Li et al., 2009 ). Specifically, we first estimate the Weingarten matrix of the normal direction in each triangle face and then obtain the Weingarten matrix of each vertex by weighted-averaging them in one ring of adjacent faces. The principal curvatures and principal directions at each vertex are the eigenvalues and eigenvectors of the Weingarten matrix, respectively. The maximum principal curvature is the principal curvature with the largest absolute value in the two principal curvatures, and the maximum principal direction is the direction corresponding to the maximum principal curvature ( Rusinkiewicz, 2004 ) .
Deriving the orientation fields of cortical folds
To estimate p e , we propose to adaptively take regionallyvariable advantage of both the normalized gradient field of sulcal depth p g e and the maximum principal direction field p c e . As shown in Fig. 4 , on the highly-bended regions at gyral crests and sulcal bottoms, the maximum principal direction field p c e is more reliable and informative for the estimation of p e , as the gradient field of sulcal depth p g e is typically noisy and unreliable, due to small and ambiguous gradients. On the turning corners and flat regions at sulcal walls, the gradient field p g e is more reliable and useful for the estimation of p e , due to ambiguity in computing the maximum principal direction field p c e . On the flat regions at wide sulcal bottoms and gyral crests, both p g e and p c e are unreliable and ambiguous, where the reliable and informative direction fields from neighboring regions can be leveraged for the estimation of p e . Hence, we design an energy function to formulate this problem as a discrete labeling problem, i.e., assigning an orientation label l indicating the orientation p e for each vertex based on p g e and p c e adaptively, and then solve it effectively by using a graph cuts method.
Given the normalized gradient field of sulcal depth p g e and the maximum principal direction field p c e , we aim to minimize the following energy function for deriving l ( v i ):
The first term in Eq. (3) is a data term to adaptively keep l (
The second term is a smoothness term to eliminate the unreliable and noisy orientations by propagating the reliable orientations from neighbors to the problematic regions. For each vertex v i , l ( v i ) is its label from the finite label space, which is defined as 81 orientations uniformly distributed on a unit hemisphere, as shown in Fig. 3 (b) . Note that, for our application, a direction and its opposite direction will be regarded the same. Herein, the number of orientation labels is determined by gradually increasing the numbers, while visually assessing the resulted orientation field. We found that 81 discrete orientation labels are already dense enough to generate promising results. The data term, which is jointly determined by p g e ( v i ) and
where
Herein, w g ( v i ) and w c ( v i ) are the two spatially-adaptive weighting parameters, defined as:
where λ g and λ c are the non-negative parameters used to determine the trade-off between preserving the gradient field of sulcal depth and preserving the maximum principal direction field. According to Eqs. (7) and (8) In the smoothness term of Eq. (3) , S( l ( v i ), l ( v j )) is defined as: 
The energy function in Eq. (3) is solved by the graph cuts method to obtain the labeled orientations ( Boykov et al., 2001 ) . To obtain the final orientation field p e ( v i ) that is perpendicular to the cortical folds, l ( v i ) is further projected to the tangent space of the cortical surface and then normalized:
(11) Accordingly, the orientation field parallel to folds is computed
Computing Jacobian matrix of longitudinal cortical surface deformation
To map the orientation-specific longitudinal cortical surface expansions, we should also compute the Jacobian matrix of the cortical surface deformation. At each vertex, the Jacobian matrix, which encodes the longitudinal deformation of cortical surfaces, is the spatial gradient of the deformation field. Let F be the 3D deformation vector of each vertex on the cortical surface at the first timepoint. The Jacobian matrix J is then defined by:
However, unlike in the volumetric image space with regular grids, the Jacobian matrix on the surface manifold cannot be directly computed. To address this issue, we approximated the Jacobian matrix at the vertex v i based on each of its first-ring neighborhood vertex v j , such that:
Therefore, by minimizing the following error, the Jacobian matrix J ( v i ) is estimated as: Note that, the Jacobian matrix encodes both stretch (zooms and shears) and rotational components ( Rajagopalan et al., 2012 ) . The first part describes the stretch of the cortical surface, which is desired. The second part contains only the rigid deformation, which is useless in our application. The stretch component is obtained by decomposing the Jacobian matrix according to the polar decomposition theorem ( Ogden, 1997 ) :
where R is the rotation matrix and S is the stretch tensor, which is a symmetric positive definite matrix. The matrix S can be derived as:
Herein, S is a 3 × 3 matrix, which is computed for each vertex v i .
Mapping orientation-specific cortical surface expansion
For each vertex, given the surface deformation matrix S and the two orthogonal orientation fields p e and p a , we compute the longitudinal cortical surface expansion in the orientation fields perpendicular to folds as s e and parallel to folds as s a :
Results
In this section, we applied the proposed algorithm to longitudinal infant cortical surfaces and for the first time revealed the orientation-specific and region-specific cortical surface expansion during the first postnatal year.
Parameter setting
Our method contains two non-negative parameters: λ g and λ c .
To determine appropriate parameter values, we tested many different combinations for λ g and λ c , and show representative results in Fig. 5 . For example, when setting λ g = 10 and λ c = 1 , the importance of p g e is too large compared to p c e , thus leading inaccurate orientation fields at gyral crests and sulcal bottoms (i.e., blue ellipses in Fig. 5 (b) ), where p c e is actually more accurate, but cannot be effectively leveraged. In contrast, when setting λ g = 1 and λ c = 10 , the importance of p c e is too large compared to p g e , and the result is less influenced by p g e , thus leading to inaccurate orientation field at sulcal walls (i.e., green ellipses in Fig. 5 (c) ). Otherwise, if both parameters take small values, e.g., λ g = 1 and λ c = 1 , the gradient-determined term and the curvature-determined term are both under-weighted, leading to inaccurate orientation fields at sulcal walls (i.e., green ellipses in Fig. 5 (d) ) and the highlybended regions at gyral crests and sulcal bottoms (i.e., blue ellipses in Fig. 5 (d) ). While, if both parameters take too large values, e.g., λ g = 10 and λ c = 10 , the smooth term and curvature-determined term are under-weighted, leading to inaccurate orientation field on both flat and highly-bended regions at gyral crests and sulcal bottoms (i.e., purple and blue ellipses in Fig. 5 (e) ). We finally set the parameters as λ g = 2 and λ c = 4 accordingly, as shown in Fig. 5 (f) .
Evaluation of estimated orientation fields of cortical folds
To evaluate the quality of our estimated orientation field p e of cortical folds, we compared the proposed method with the orientation fields obtained by different methods, i.e., the maximum principal direction field p c e , the diffused p c e by the method in ( Li et al., 2009 ) , and the gradient field of sulcal depth p g e . Fig. 6 shows the results of the estimated orientation fields in the regions selected in Fig. 4 . As shown in Fig. 6 , our proposed method leveraging both p c e and p g e can estimate more accurate orientation field perpendicular to the cortical folds at various regions, including sulcal walls, flat and highly-bended regions at gyral crests and sulcal bottoms.
As there is no ground truth for the orientation fields on the cortical surface, to quantitatively evaluate the results, we defined a coherence measurement for an orientation field p at each vertex v i as: The value of Coh ranges from 0 to 1. Larger coherence values indicate that the orientation field is smoother and more coherent. Therefore, this coherence measurement can reflect the performance of the orientation field to some extent. Ideally, we hope the coherence value of p e is similar to the coherence value of p c e at gyral crests and sulcal bottoms, while similar to that of p g e at sulcal walls. Fig. 7 shows the coherence values of p c e , diffused p c e , p g e and p e on a randomly-selected individual cortical surface. Apparently, in the maximum principal direction field p c e , the large coherence value regions are mostly at gyral crests and sulcal bottoms, and small coherent regions are mostly at sulcal walls, shown in Fig. 7 (a) . In the diffused maximum principal direction field p c e ( Li et al., 2009 ), the coherence is larger at sulcal walls than that of p c e as shown in Fig. 7 (b) , but still not promising. In the gradient field of sulcal depth p g e , the large coherence value regions are mostly at sulcal walls, and small coherence value regions are mostly at gyral crests and sulcal bottoms, as shown in Fig. 7 (c) . In our estimated orientation field p e , the coherence values are large at gyral crests and sulcal bottoms, as well as at sulcal walls, preserving the regions with large coherence patterns in p c e and p g e , as shown in Fig. 7 (d) . Note that, our estimated orientation field p e also has large coherence values on the flat regions at gyral crests and sulcal bottoms, where the coherence values are low in both p c e and p g e . Fig. 8 shows a comparison of the histogram distributions of coherence measurement in p c e , the diffused p c e , p g e and p e on the cortical surface in Fig. 7 . As can be observed, the shift towards larger values in the histogram of p e indicates that the orientation field is smoother and more coherent in p e , compared to p c e , diffused p c e , and p g e . We also present the histogram distributions at gyral crests and sulcal bottoms as well as sulcal walls, respectively, as shown in Fig. 8 (b) and (c). As can be observed, the coherence in p e is larger than that in p c e at gyral crests and sulcal bottoms, indicating that the orientation field p e is smoother and more coherent than p c e at those regions. Moreover, the coherence in p e is larger than that in p g e at sulcal walls, indicating that the orientation field p e is smoother and more coherent than p g e at those regions. Across 30 infants, the average coherences of the orientation fields on the cortical surfaces in p c e , diffused p c e , p g e and p e are 0.84, 0.86, 0.88, and 0.94 respectively. Apparently, the coherence in p e is the largest, indicating that our estimated orientation fields have the best smoothness and coherence.
Orientation-specific cortical surface expansion in the first year
By applying our proposed method onto 30 normal infants with longitudinal cortical surfaces at 0 and 1 year of age, for the first time, we explored the orientation-specific surface expansion maps s e (in the orientation field perpendicular to cortical folds) and s a (in the orientation field parallel to cortical folds). Table 2 provides the mean and standard deviation of the longitudinal cortical surface expansion perpendicular and parallel to the cortical folds of 30 subjects in the first postnatal year. Overall, the cortical surface area expands about 31.47% in the orientation field perpendicular to cortical folds while 31.53% in the orientation field parallel to cortical folds during the first year. By using paired t -test, the cortical surface expansion perpendicular and parallel to cortical folds of the right hemisphere is statistically larger than that of the left hemisphere ( p < 0.01). By using unpaired t -test, the cortical surface expansion in the two orthogonal orientation fields of female is statistically larger than that of male in each hemisphere ( p < 0.01). Fig. 9 (a) and (b) show the cortical surface expansion maps s e and s a on the left hemisphere, from 3 randomly-selected individuals. As we can see, the overall spatial patterns of the orientationspecific surface expansion are similar across individuals. To further validate our results, we compare the products of our computed ex- Table 2 The mean and standard deviation of the longitudinal cortical surface expansion perpendicular and parallel to cortical folds of the 30 subjects in the first postnatal year. (N = 17) 29.53% ± 9.81% 30.73% ± 9.71% 30.43% ± 9.82% 30.92% ± 10.04% Female (N = 13) 32.23% ± 10.25% 34.25% ± 12.16% 31.20% ± 9.71% 34.08% ± 11.73% pansion maps in the two orthogonal orientation fields, as shown in Fig. 9 (d) , with the surface expansion maps computed based on the longitudinal ratio of local cortical surface area, as shown in Fig. 9 (e). As we can see, these two maps are very similar, indicating that our results are meaningful. Of note, the subtle differences between the two maps might be related to the emergence of tertiary cortical folds after birth. Fig. 10 (a) shows the population-average cortical surface expansion maps s e in the orientation field perpendicular to cortical folds in the first postnatal year. The cortical surface expands remarkably in the orientation perpendicular to folds; however, the expansion is highly nonuniform across different cortical regions. In general, the expansions perpendicular to cortical folds in the parietal, temporal, and occipital lobes are larger than those of the frontal lobe. Specifically, high-expansion regions perpendicular to cortical folds are concentrated in the superior parietal cortex, inferior parietal cortex, lateral occipital cortex, anterior middle temporal gyrus, a portion of the precuneus cortex, and cingulate cortex on both hemispheres.
Surface expansion in orientations perpendicular to cortical folds
On the left hemisphere, the postcentral gyrus and transverse temporal cortex are also high-expansion regions. On the right hemisphere, the fusiform gyrus and orbitofrontal cortex are also high-expansion regions. Low-expansion regions are concentrated in the paracentral lobule, entorhinal cortex, temporal pole, precentral gyrus, pars orbitalis, superior frontal gyrus, frontal pole and lateral orbital frontal cortex on both hemispheres. On the left hemisphere, the isthmus-cingulate cortex and the lingual gyrus are also the low-expansion regions. On the right hemisphere, the inferior postcentral gyrus is also the low-expansion region. By using paired ttest with the significant level as p < 0.01 after corrections for multiple comparisons based on random field theory ( Worsley et al., 2004 ) , the red clusters represent the regions with the expansion perpendicular to folds being significantly larger than the average expansion, while the blue clusters represent the regions with the expansion perpendicular to folds being significantly smaller than the average expansion. In general, the regions passing significance are similar in the left and right hemispheres. Fig. 10 (b) shows the population-average cortical surface expansion maps s e of 30 infants in the orientation field parallel to cortical folds in the first year. The cortical surface also expands remarkably in the orientation parallel to cortical folds and regionally heterogeneously. Overall, the surface expansion in the orientation parallel to cortical folds in the parietal, temporal, and occipital lobes are larger than those in the frontal lobe. Specifically, the high-expansion regions parallel to cortical folds are concentrated in the superior parietal cortex, inferior parietal cortex, lateral occipital cortex, anterior temporal cortex, postcentral gyrus, fusiform gyrus, medial orbitofrontal cortex, lingual gyrus, and cuneus cortex on both hemispheres. Low-expansion regions are concentrated in the bottom of middle frontal gyrus, transverse temporal cortex, precentral gyrus, temporal pole, cingulate cortex and parahippocampal gyrus on both hemispheres. On the left hemisphere, the paracentral lobule is also a low-expansion region. On the right hemisphere, the superior temporal sulcus is also a low-expansion region. By using paired t -test with the significant level as p < 0.01 after corrections for multiple comparisons ( Worsley et al., 2004 ) , the red clusters represent the regions are found to expand parallel to cortical folds significantly larger than the average expansion, while the blue clusters represent the regions are found to expand parallel to cortical folds significantly smaller than the average expansion. In general, the regions passing significance are similar in the two hemispheres. Fig. 11 shows the difference of cortical surface expansion maps in the orientations perpendicular to folds s e and parallel to folds s a of the 30 infants during the first year of age. Many regions show different expansion degrees in the two orthogonal orientations. Specifically, the transverse temporal cortex, posterior middle temporal gyrus, and cingulate cortex exhibit larger expansions in the orientation field perpendicular to cortical folds than in the orientation field parallel to cortical folds on both hemispheres. On the left hemisphere, a portion of the inferior parietal cortex also exhibits larger expansion in the orientation field perpendicular to cortical folds than in the orientation field parallel to folds. On the right hemisphere, the pars triangularis and a portion of medial orbitofrontal cortex exhibit larger expansions in the orientation field Fig. 11 . Differences between the cortical surface expansions perpendicular to folds and parallel to cortical folds. The left column shows difference maps. The right column shows the significant clusters ( p < 0.05, after multiple comparisons correction). Red clusters indicate larger expansions in the orientation field perpendicular to cortical folds than in the orientation field parallel to cortical folds, and blue clusters indicate larger expansions in the orientation field parallel to cortical folds than in the orientation field perpendicular to cortical folds. perpendicular to cortical folds than in the orientation field parallel to cortical folds. The anterior temporal region, orbitofrontal cortex and medial superior frontal cortex exhibit larger expansions in the orientation field parallel to cortical folds than in the orientation field perpendicular to cortical folds. On the left hemisphere, the pars triangularis, fusiform gyrus, lingual gyrus and a portion of the cuneus cortex exhibit larger expansions in the orientation field parallel to cortical folds than in the orientation field perpendicular to cortical folds. By using paired t -test with the significant level as p < 0.05 after corrections for multiple comparisons ( Worsley et al., 2004 ) , the red clusters represent the cortical regions where the expansion perpendicular to cortical folds is significantly larger than the expansion parallel to cortical folds, whereas the blue clusters represent the cortical regions where the expansion parallel to cortical folds is significantly larger than the expansion perpendicular to cortical folds.
Surface expansion in orientations parallel to cortical folds
Difference of surface expansion in two orthogonal orientations
Discussion and conclusion
In this paper, we proposed a novel method for longitudinal mapping of orientation-specific infant cortical surface expansions in the two orthogonal orientation fields that are perpendicular and parallel to cortical folds. The first step is to estimate the two orthogonal orientation fields on the tangent planes. There are some possible solutions to estimate the cortical orientation fields. On one hand, several methods have proposed to leverage the maximum principal direction field ( Boucher et al., 2009 ( Boucher et al., , 2011 Li et al., 2009; Rekik et al., 2016a ) , which is perpendicular to cortical folds on the highly-bended regions (e.g., gyral crests and sulcal bottoms). However, the maximum principal direction field is inherently ambiguous and sensitive to noise on other regions, e.g., sulcal walls as well as flat regions at gyral crests and sulcal bottoms, thus leading to unreliable orientation fields. On the other hand, sulcal fundi could also potentially provide the orientations parallel to cortical folds. However, there are two limitations when using sulcal fundi for our purpose. First, sulcal fundi are typically extracted based on either sulcal depth or curvature in the state-ofthe-art methods ( Kao et al., 2006; Li et al., 2010; Lyu et al., 2017; Seong et al., 2010; Shi et al., 2010; Troter et al., 2012 ) . However, no matter which feature (sulcal depth or curvature) is adopted, the unreliable extraction results always exist in some regions. For example, at turning corners of sulcal banks, curvature-based methods typically lead to noisy sulcal fundi, which are not indicative of the orientations parallel to cortical folds; in asymmetric sulcal bottoms, depth-based methods typically lead to biased sulcal fundi; in very wide and flat sulcal bottoms (e.g., the cingulate sulcus), both curvature-based and depth-based methods cannot reliably locate sulcal fundi. Moreover, long sulcal fundi could be broken in some results. Hence, accurate extraction of sulcal fundi is still a challenging and not well solved problem. Second, even if we can extract sulcal fundi and propagate the orientation fields around sulcal fundi to other cortical regions, it is still difficult to accurately estimate the orientation fields around gyral crests based on sulcal fundi, due to the propagation errors caused by large distances between them.
To accurately derive the cortical orientation fields, we proposed to incorporate the gradient field of sulcal depth, whose characteristic was complementary to the maximum principal direction field. Specifically, the gradient field of sulcal depth is perpendicular to cortical folds on sulcal walls, but ambiguous on the highly-bended regions (e.g., gyral crests and sulcal bottoms). To fuse the gradient field of sulcal depth and the maximum principal direction field, we designed an energy function to formulate this as a discrete labeling problem, i.e., assigning an orientation label for each vertex to indicate the fused orientation on the cortical surface. We minimized the energy function effectively by using a graph cut method, which could grantee to achieve a strong local minimum for our energy function. Then, we estimated the Jacobian matrix of the longitudinal deformation of cortical surfaces for each vertex by solving a least-square problem, and further derived its stretch tensor by removing the rotation component. At last, to compute the surface expansion maps in the orientations perpendicular and parallel to cortical folds, we projected the stretch tensor into these two orthogonal orientations separately.
The proposed method has been applied to 30 normal infants with longitudinal brain MRI scanned at 0 and 1 year of age. For the first time, we have charted the region-specific longitudinal surface expansion maps in the two orthogonal orientations. Overall, in the first year, the product of cortical surface expansions in the two orthogonal orientations is 71.2%, which is generally consistent with the total area expansion rate, computed as the ratio of surface area ( Li et al., 2012a; Lyall et al., 2014 ) . Of note, the differences between the two results might be related to the emergence of tertiary cortical folds after birth. Li et al. (2012a ) found that the total surface area expansion in parietal, temporal, and occipital lobes is larger than that in the frontal lobe, which is likely related to cellular, functional, and genetic nonuniformities during development.
Our results are generally consistent with this finding, but further provide important new insights into the cortical surface expansion in the first year. Specially, the high-expansion regions in both the orientations perpendicular and parallel to cortical folds were found to be concentrated in the middle temporal gyrus, postcentral gyrus (primary somatosensory cortex), superior parietal cortex (involved in multisensory integration ( Molholm et al., 2006 ) ), inferior parietal cortex (involved in receiving auditory, visual, and somatosensory inputs ( Rozzi et al., 2008 ) ), as well as lateral occipital cortex (visual cortex) and precuneus cortex. This pattern might reflect the rapid development of the regions associated with visual and sensory functions and their integrations in the first year of age.
Besides the common high-expansion and low-expansion regions in two orientations, the surface expansion perpendicular to cortical folds is larger than the surface expansion parallel to cortical folds in the bilateral transverse temporal cortex (auditory cortex), cingulate cortex, and middle temporal cortex, as well as right inferior and middle frontal gyrus, and left inferior parietal cortex. On the other hand, the surface expansion parallel to cortical folds is larger than the surface expansion perpendicular to cortical folds in the bilateral pars orbitalis, anterior temporal cortex (critical for semantic memory), medial frontal and orbitofrontal cortex (involved in the cognitive processing of decision-making), fusiform gyrus (related with the recognition, including face, body and word recognition ( Weiner and Zilles, 2016 ) ), and lingual gyrus (processing vision). This pattern might reflect that the developments of the decision making, recognition and processing vision systems during the first year is more associated with the surface expansion parallel to cortical folds (i.e., increasing the length of cortical folds) than the surface expansion perpendicular to cortical folds. Of note, the basic unit of the neocortex is the cortical minicolumn, a narrow chain of neurons extending vertically across the cortical cellular layers, perpendicular to the pial surface ( Mountcastle, 1997 ) , and the neurons are rarely produced after birth in the cerebral cortex ( Rakic, 1988 ) . Therefore, the orientation-specific expansion of cortical surface area is likely caused by anisotropic development of cortical minicolumns.
Our study may have clinical implications for understanding abnormal early cortical development in neurodevelopmental disorders associated with abnormal cortical surface expansion during infancy ( Hazlett et al., 2017; Li et al., 2016; Lyall et al., 2014; Ortinau et al., 2013 ) . For example, infants who later develop autism spectrum disorder usually present a hyper-expansion of cortical surface area from 6 to 12 months than the control infants ( Hazlett et al., 2017 ) . But it is unclear whether the hyper-expansion is mainly contributed by either the expansion parallel to the orientation field of cortical folds or the expansion perpendicular to the orientation field of cortical folds, or both. Our method will enable differentiating the orientation-specific surface expansion in the infants with autism spectrum disorder, and thus help better localize and understand the abnormality for early identification of biomarkers and early diagnosis.
One limitation is that the proposed approach relatively relies on the surface registration quality, which would potentially impact the decomposition of the deformation fields along the parallel and perpendicular directions. In this study, to guarantee a good registration quality, we performed the cortical surface registration using Spherical Demons, which is a state-of-the-art method that uses the average convexity for rough alignment and the mean curvature for final fine alignment, as in FreeSurfer. These cortical folding features are typically informative at sulcal bottoms and gyral crests for longitudinal alignment, thus the registration results around these regions are relatively reliable for estimating longitudinal deformation. In contrast, these features are less informative at regions far away from sulcal bottoms and gyral crests, e.g., the flat regions on sulcal walls, thus the registration around these regions might be less reliable, thus potentially impacting the decomposition of the longitudinal deformation.
In summary, this paper has three main contributions. First, we developed the first computational pipeline for mapping longitudinal orientation-specific surface expansion in infants. Second, to accurately estimate the orientation fields of cortical folds, we proposed a novel method to adaptively and smoothly fuse the gradient field of sulcal depth and the maximum principal direction field, by minimizing an energy function using graph cuts. Finally, for the first time, we revealed the orientation-specific and region-specific longitudinal cortical surface expansion maps during the first postnatal year. Given the dynamic expansion of cortical surface during the first postnatal year, in the future, we will further apply our methods to study the orientation-specific cortical surface expansions at temporally dense time points, e.g., every three months during the first year. Moreover, we will investigate the underlying neurobiological mechanisms of the orientation-specific surface expansion and their relations to the structural and functional connectivity development. We will also leverage our method to study abnormal cortical expansion in neurodevelopment disorders, such as autism spectrum disorder and schizophrenia.
